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Abstrat
The domain state model for exhange bias has been further investigated
by onsidering vetor spins for the antiferromagnet instead of Ising spins
used in the earlier studies. The qualitative results are similar to those
with innite anisotropy for the antiferromagnet. However, under ertain
onditions softer spins an lead to an even stronger bias eld. The study
shows a nontrivial dependene of the exhange bias on the antiferromag-
neti anisotropy.
Keywords: Exhange biasing, Domain struture, Dilute antiferromagnet, Heisen-
berg antiferromagnet
The shift of the hysteresis loop along the eld axis in a system ontaining
a ferromagnet(FM)-antiferromagnet(AFM) interfae is known as exhange bias
(EB). The disovery of this eet by Meiklejohn and Bean in Co-CoO system [1℄
dates bak to 1956. Subsequently the eet was observed in a variety of dierent
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materials (see [2℄ for a review). There have been several approahes towards a
theoretial understanding of the phenomenon and numerous dierent mehanisms
are believed to be responsible for the shift. Malozemo [3℄ explained the shift
as a result of interfae roughness. Koon onsidered a spin-op oupling between
the FM and the ompensated AFM interfae as responsible for the eet [4℄.
However, Shulthess and Butler argued that the spin-op oupling alone annot
aount for the eet [5℄ but an interfae oupling through unompensated defets
together with the perpendiular oupling ould explain the mehanism [6℄.
Reently a model was proposed [7℄ where the ause of the shift was attributed
to the extra exhange eld provided by the remanent magnetization of the do-
mains in a diluted AFM. The model explained suessfully several aspets related
to the eet. The essential idea behind the model is that when the diluted AFM
is ooled below the N´eel temperature in presene of a eld, it ends up in a do-
main state as opposed to long range order. These domains are metastable sine
the domain walls require large thermal utuations for any subsequent move-
ment. The AFM is diluted by replaing its atoms by nonmagneti impurities
(e.g. Co1−xMgxO). The domains are usually pinned at the impurity sites be-
ause at those sites it does not ost any energy for the reation of a domain wall.
These domains arry a remanent magnetization [8, 9, 10℄ whih provides the bias-
ing eld to the FM ausing the shift of the hysteresis loop. Several issues related
to EB, suh as temperature dependene, training eet [11℄, role of AFM thik-
ness [12℄ and, of ourse, the dependene of dilution on EB have been suessfully
explained within the framework of this model. In the earlier work [7, 11, 12℄,
owing to the strong uniaxial anisotropy of CoO, the AFM was desribed by an
Ising model. In the present work, we relax this restrition on the AFM. In order
to investigate a broad lass of systems for the AFM a Heisenberg model with
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variable uniaxial anisotropy is onsidered.
The system we will study onsists of one monolayer of FM and t monolayers
of AFM. A ertain fration p of the AFM sites are left without a spin. The FM
is exhange oupled to the topmost layer of the AFM. The Hamiltonian is thus
given by
H = −JFM
∑
〈i,j〉
−→
Si ·
−→
Sj −
∑
i
(
dzS
2
iz + dxS
2
ix +
−→
Si ·
−→
B
)
−JAFM
∑
〈i,j〉
ǫiǫj
−→σi ·
−→σj −
∑
i
ǫi
(
kzσ
2
iz +
−→σi ·
−→
B
)
−JINT
∑
〈i,j〉
ǫj
−→
Si · −→σj
where
−→
Si and
−→σi denote spins at the ith site orresponding to FM and AFM
respetively. The rst line of the Hamiltonian desribes the ontribution to the
energy oming from the FM with the z-axis as its easy axis (dz > 0) and the x-axis
as its hard axis (dx < 0). The in-plane anisotropy keeps the FM preferentially
in the y − z plane. The seond line is the ontribution from the AFM with
quenhed disorder (ǫi = 0, 1) also having its easy axis along z (kz > 0). The last
term desribes the interation of the FM with the interfae AFM monolayer. The
whole system is plaed in an external magneti eld
−→
B = Bẑ. In our simulations
we set JFM = −2JAFM = 2JINT.
We use Monte Carlo methods with a heat bath algorithm. Eah spin is at
every Monte Carlo step subjet to a trial step onsisting of a small deviation
from the original diretion followed by a total ip. This two-fold trial step an
take are of a broad range of anisotropies starting from very soft spins up to the
Ising limit [13℄. The lateral dimension of the system was hosen in suh a way
that multiple AFM domains an be observed whih is the ase for a lattie size
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128×128×(t+1). Starting from a temperature above the N´eel temperature (TN)
of the diluted AFM but below the Curie temperature (Tc) of the FM, the system
is ooled below TN in presene of an external magneti eld
−→
B = 0.25JFMẑ. Then
the hysteresis urve of the system is alulated along the ẑ diretion. The EB
eld is determined as BEB = (B
+ +B−) /2, where B+ and B− are the values of
the eld where the z-omponent of the magnetization of the FM vanishes when
the eld is dereasing and inreasing, respetively.
From the simulations the following qualitative results emerge. In absene
of any anisotropy in the FM we observe a perpendiular oupling between FM
and AFM, only at very low dilution of the latter. The magnetization reversal
in the FM is by oherent rotation. The piture hanges with inreasing uniaxial
anisotropy in the FM and upon further dilution of the AFM. The magnetization
reversal in the FM is now by domain wall motion and the perpendiular oupling
beomes less signiant. This is beause uniaxial anisotropies in both the FM
and the AFM having the same axis no longer lead to an energy minimum at
perpendiular oupling aross the interfae. Moreover AFM spins with missing
AFM neighbours an lower their energy by rotating parallel to the its FM neigh-
bour. Therefore, in the framework of our alulations a spin-op oupling is not
an important mehanism for the shift of the hysteresis loop.
Coloured pitures of typial staggered domain ongurations of the bulk AFM
with dierent anisotropies an be found in the following link: http://www.thp.uni-
duisburg.de/~arko/piture.html. The snapshots are taken when the net magne-
tization of the FM is nearly zero during the dereasing eld part of the hysteresis
loop. As expeted the domain walls are wider for smaller values of kz, whereas
Ising like domain strutures are obtained for stronger anisotropies. Typial hys-
teresis loops for the FM and the interfae monolayer of the AFM are shown in
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Fig. 1. The upward shift of the hysteresis loop for the interfae layer of the
AFM proves the existene of remanent magnetization in the AFM domains. The
magnitude of the EB eld strongly depends on the amount of this upward shift.
We have alulated the EB eld for a wide range of values of kz, starting
from very soft spins to rigid, Ising-like spins. Fig. 2 shows result for dierent
thiknesses of the AFM for two values of the dilution, p = 0.4 and 0.6. A
logarithmi sale is used along the kz axis only to inrease the larity of the gure.
Fig. 2(a) shows that for p = 0.4 a thik AFM produes a peak in the EB eld at
an intermediate value of kz while at lower thiknesses of the AFM the EB eld
inreases with the anisotropy and saturates in the Ising limit. Qualitatively this
an be understood as follows. The AFM domains are required to arry surplus
magnetization at the interfae along the ẑ diretion whih must be stable during
the hysteresis loop in order to produe any EB. At low values of kz the minimum
energy onguration of the AFM spins is predominantly ditated by the FM and
the external eld. In this limit the AFM will follow the FM, thereby produing no
bias eld. By inreasing the anisotropy the AFM spins are fored to lie more along
the z-axis and hene the bias inreases. However, there exists a ounter eet.
Imagine a domain is formed upon eld ooling whih preferentially goes through
defets thereby minimizing the energy. If now the anisotropy kz is inreased the
domain wall width will derease and the energy to reate suh a wall will inrease.
Thus the system will respond by attening the domain boundaries. This redues
the probability for the domains to arry any surplus magnetization and hene
the bias dereases for larger values of kz. The ompromise between these two
opposite eets is ahieved at some intermediate value of kz where the bias shows
a peak. However, the peak disappears at lower values of t (g. 2(a)) or at a higher
dilution (g. 2(b)). This happens when we are lose to the perolation threshold
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where the domain walls pass nearly exlusively through the defets osting very
little or no energy. Sine no smoothening of the domain walls is required now to
minimize the energy of domain formation, the seond mehanism disussed above
does not ome into play. Hene exhange bias inreases with kz till it saturates in
the Ising limit. Sine the perolation threshold in three dimensions is higher than
that in two dimensions, inreasing the number of AFM monolayers at p = 0.4 we
go below the threshold and the peak in the bias eld reappears.
In onlusion, we nd that the domain state model for EB proposed originally
for the Ising AFM is not restrited to this limit. Rather under ertain ombination
of thikness and dilution of the AFM, the softness of the AFM spins an lead
to an even stronger bias eld. There are several mehanisms responsible for the
bias eld, suh as dilution, thikness and anisotropy of the AFM. Although a
qualitative understanding regarding the dependene of EB on these parameters
has been ahieved, a quantitative study of the domain struture both at the
interfae and in the bulk of the AFM would provide a deeper understanding to
the problem.
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Figure Captions
Fig. 1. Typial hysteresis loop along ẑ of (a) the FM and (b) the interfae
monolayer of AFM, for p = 0.6 and t = 2. The net magnetization is shown in
units of the saturation magnetization and the eld in units of JFM.
Fig. 2. Dependene of the exhange bias eld, shown in units of JFM, on the
AFM anisotropy for (a) p = 0.4 and (b) p = 0.6 at dierent thiknesses.
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